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Chapter 7
Conclusions and future perspectives
I
n the previous chapters, I have presented our studies of a group of acti-
nomycete bacteria whose genome has been sequenced. We have analyzed
their metabolic system by constructing genome-scale metabolic models, and
by combining different genome-based phylogeny approaches with single
gene-based phylogeny approacheswe have constructed a fully resolved phy-
logeny of this group.
In Streptomyces coelicolor, a model organism of antibiotic producing bac-
teria, we investigated the metabolic switch from the exponential phase to the
stationary phase during growth: when there are abundant nutrients, bacteria
grow exponentially, but as soon as the nutrients get depleted, they switch to
stationary phase and often begin to produce secondary metabolites, includ-
ing some of the commercially important antibiotics. We have investigated
the mechanisms involved in the metabolic switch by combining time-scale
gene expression data with genome-scale model predictions. Based on dis-
crepancies between model predictions and observed experimental data, we
corrected the annotation of some genes and also predicted a list of potential
genes which need to be further examined for their role in the synthesis of
uncharacterized secondary metabolites.
In another model organism of the antibiotic producing bacteria, Strep-
tomyces clavuligerus, we identified key up-regulated antibiotic biosynthetic
gene clusters along with some potential up-regulated primary metabolism
genes. We constructed a genome-scale metabolic model of this bacterium
and optimized growth and antibiotic production, and combined predicted
metabolic flux with genome-wide gene expression changes between an in-
dustrial clavulanic acid overproduction strain and the parental wild type
strain. Up-regulated primary metabolism genes will be useful targets for
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cell-engineering approaches for overproduction of antibiotics.
We investigated how these commercially interesting bacteria are phylo-
genetically related to other actinomycetes, some of which are clinically im-
portant and cause severe disease in animal and plants. We constructed a
fully resolved phylogenetic tree by combining different whole-genome based
approaches with the outcome of several single-gene based approaches. Our
combinatorial approach to elucidate a robust, comprehensive and completely
resolved tree can also be applied to other larger groups of bacteria, and even
for all bacteria.
Furthermore, the completely resolved consensus phylogenetic tree of acti-
nomycetes formed the basis for comparative modeling of this hyper-diverse
group. We constructed genome-scale metabolic models of a large number of
genome-sequenced organisms of the order Actinomycetales and identified a
conserved “core network” and “essential core network” of the entire group.
By using the genome-scale model predictions we were able to identify the
commonalities and differences among these actinomycetes on a metabolic
systems scale. Additionally, we identified the distribution of essential genes
in the genome of each organism by mapping predicted in silico gene essen-
tiality data.
Finally, for all functional orphan genes of Streptomyces coelicolor, we have
applied a dynamic switch detection algorithm on a time–scale gene expres-
sion data set, and additional phylogenetic information to identify a list of
high priority orphan genes which are promising candidates to be examined
in the lab to characterize their function.
In the following sections, I will focus on future perspectives opened up
by our research.
7.1 Use and further refinement of actinomycetes genome-
scale models
The genome-scale metabolic models presented in this thesis can be used to
ask complex questions before setting up experiments in the lab; for instance,
7.2 Global integrative models of biological systems 95
which environment is more suitable for bacterial growth, which engineering
strategy will be useful for drug targets and antibiotics over production and
so on. In this way, the models will be helpful for the identification of new
cell-engineering strategies for the synthetic biology of antibiotic production,
and in return these strategies will guide the identification of poorly under-
stood aspects of the models.
In the future, when new sets of information, for instance on the functional
characterization of orphan genes or on new set of reactions and pathways
will become available, this knowledge will be incorporated very easily into
the existing models leading to more reliable outcomes of the in silico experi-
ments (Akesson et al., 2004; Covert et al., 2008).
7.2 Global integrative models of biological systems
Currently, well-characterized metabolic models for hundreds of microorgan-
isms are being developed at genome scale, but in the vast majority of cases
they do not include regulatory effects and intercellular signals. A genome-
scale model can only be applied under quasi-steady-state assumptions, and
we cannot predict the long-term dynamic behavior of the system, neither can
we measure metabolite and enzyme concentrations. Building kinetic models
of an entire metabolic system of an organism is usually considered to be in-
feasible. Similarly, the existing transcription regulatory models of organisms
provide tremendous knowledge of the regulatory circuitry, but they typically
do not include either signaling information or metabolic information.
The next phase of Systems biology is going to address these points and
the first important steps have been taken toward the generation of integrated
models (Covert and Palsson, 2002; Akesson et al., 2004; Covert et al., 2008;
Shlomi et al., 2007) incorporating regulatory and thermodynamic constraints
(Ku¨mmel et al., 2006b,a; Jankowski et al., 2008) and even providing full ki-
netic parameterization of constraints-based models (Kotte and Heinemann,
2009; Ko et al., 2009; Smallbone et al., 2010).
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7.3 Machine learning approaches to predict essential
genes
Existing knowledge is used to gain more knowledge; similarly, predictions
can be used for further predictions. Genome-scale models have been used
quite extensively to predict essential genes and enzymes of microorganisms
in defined environmental conditions, and for some of the well curated mod-
els, prediction accuracy was more than 90%. To get an idea of the minimal
gene set required to sustain a living cell, several experimental and computa-
tional approaches have also been applied (Fraser et al., 1995; Mushegian and
Koonin, 1996; Gil et al., 2004; Hoffmann et al., 2010; Kobayashi et al., 2003;
Gerdes et al., 2003; Sassetti et al., 2001; Glass et al., 2006; Seringhaus et al.,
2006; Gabaldo´n et al., 2007) However, experimental approaches for the esti-
mation of essential genes are expensive and time consuming, while compu-
tational approaches require high-throughput data which are not available for
every organism. Although there have been some attempts to predict essen-
tial genes (Seringhaus et al., 2006; Acencio and Lemke, 2009; Plaimas et al.,
2010), these studies were largely based on a very limited number of organ-
isms, which might not be useful in a global prospective.
Now, with the growing number of genome-scale models, we can envis-
age a new generation of attempts to predict essential genes of microorgan-
isms. Our in silico gene essentiality data of of the entireActinomycetales group
(presented in chapter 6) can be used to identify characteristic features of gene
essentiality, including sequence information, genomic essentiality distribu-
tion and network topological information. We can use these characteristic
features along with phylogenetic profiles and apply machine learning ap-
proaches for sensitive prediction of essential genes.
7.4 Linking genes to orphan metabolic activities
As described in this thesis, all preliminary genome-scale models contain
gaps which need to be filled by adding a minimal set of orphan reactions.
Assignment of genes to these orphan metabolic activities is a very important
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step toward completion of the genome-scale model. In our construction of
actinomycetes genome-scale models, we found that some orphan reactions
were universal, whereas a large number of reactions were organism–specific.
To annotate these orphan reactions and prioritize the potential genes it
will in the future be possible to divide the gene networks into topological
modules to identify characteristic features of network neighbor of orphan
activities.
Following this, by combining characteristic features of network neigh-
boring genes, with gene order and conservation profile we can prioritize the
set of genes responsible for orphan activities.
7.5 Functional evolution of metabolic systems
The flux balance analysis approach makes a strong evolutionary assumption
about growth optimization. It assumes that microorganisms have evolved in
such a way that they will use available nutrients to optimize their growth.
It will be a very interesting challenge to explore other objective functions,
which might hold for microorganisms that do not achieve maximal growth
rates. Amongst the Actinomycetales, there are two very important example
for such behavior; Mycobacterium shows extremely slow growth even in a
richmedia, and Streptomyces sacrifices short-term biomass production for the
sake of secondary metabolite biosynthesis, which has more delayed evolu-
tionary benefits. The large-scale comparative modeling introduced in chap-
ter 5 provides a starting point fromwhich to explore how these different evo-
lutionary strategies are reflected in the topology and functional constraints
of the metabolic system of different species.
7.6 Application of genome-scale models in Synthetic
biology
The goal of Systems Biology is to build predictive computational models
which can be used to explore the behavior of biological systems. Once this
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goal is achieved, Synthetic Biology can use these models for the design and
engineering of “de novo” biological systems for specific task. To proceed
toward the “de novo” construction of biological circuits, we need to de-
velop models which can not only summarize existing knowledge, but can
also incorporate meaningful estimates of missing information. In our study
of Streptomycesmetabolic models, we have explored antibiotic pathways and
compared transcriptome data with our predictions. The resulting refined
genome-scale models of antibiotic producing organisms will be useful to as-
sist antibiotic over-production in optimal environmental conditions. In par-
ticular it will be a major component of ambitious efforts to create synthetic
antibiotics production strain, which can overproduce any desired antibiotic
compound, of other secondary metabolites of interest. The constraints-based
models and their integrated derivatives discussed in the previous section
will be indispensable for identifying metabolic bottlenecks and guide the
engineering of “pre-conditioned” optimized general overproduction strains
(Medema et al., 2011a).
